Rods and cones are the principal types of photoreceptors in the vertebrate retina. As in the human eye, photoreceptors in the mouse outnumber all other retinal cell types by 20-fold or more. Moreover, as in the human retinal periphery, rods are the dominant type of photoreceptors in the mouse, with a well-established ratio to cones of 30:1,[@bib1] very similar to that of the human periphery at eccentricities exceeding 20°.[@bib2]^,^[@bib3] The numerosity of rods makes rhodopsin the most abundant retinal protein, and further makes the retina especially vulnerable to rod-specific genetic diseases, such as missense or null mutations in rhodopsin that give rise to retinitis pigmentosa.[@bib4]^--^[@bib6] Because photoreceptors transduce light into the electrical signals that initiate vision,[@bib7] mutations and oxidative or other damage to photoreceptor proteins and lipids lead to vision loss and often blindness.

Since the seminal work of Richard Young,[@bib8]^--^[@bib10] it has been understood that the outer segments of rods and cone photoreceptors are continually renewed, a process that replaces damaged proteins and lipids. In mammals, disc membranes comprising about one-tenth of the outer segment are newly synthesized every day at the base of the outer segment. Homeostasis of outer segment length is achieved by RPE cell phagocytosis on average of the same number of discs at the outer segment tips. Investigations of outer segment renewal have largely been undertaken with histology, either by measuring the translation along the outer segment of radiolabeled disc membranes, or by quantification of disc membrane phagosomes in the RPE. Recent investigations with optical coherence tomography (OCT) of individual human cones have found results interpretable as cone outer segment length shortening associated with disc phagocytosis, and as lengthening expected from diurnal renewal,[@bib11]^--^[@bib13] though to our knowledge there have been no similar reports about rods of any species. Despite a substantial body of research,[@bib14]^--^[@bib25] the cellular and molecular mechanisms governing outer segment renewal and disc shedding remain an ongoing topic of investigation.[@bib26]^--^[@bib32] Given the importance of the mouse as a model organism for the investigation of the mechanisms of ocular function and disease,[@bib33]^--^[@bib37] it would be valuable to be able to noninvasively measure rod outer segment (ROS) renewal in vivo in the mouse.

OCT can generate micrometer-resolution depth profiles (A-scans) of the living mouse retina,[@bib38]^--^[@bib41] and has become increasingly valuable for studying both structure and function in the photoreceptor layer. Recent investigations in mice and humans with OCT have shown that ROS and/or cone OS elongate in response to stimuli that bleach substantial fractions of their rhodopsin.[@bib42]^--^[@bib45] In mouse rods, this elongation has been established to be driven by phototransduction because it requires expression of the rod G-protein transducin.[@bib42] Given the capability of OCT to measure submicrometer ROS length changes after suitable averaging and analysis,[@bib42] we undertook an investigation to determine whether OCT could also be used to measure diurnal ROS length changes arising from disc shedding and renewal.

In this paper, we have adopted the term "optoretinogram" (ORG) for the OCT experimental paradigm used. The term ORG was coined by Don MacLeod[@bib46] upon considering a paper on bleaching-induced changes in near-infrared (NIR) light transmission in toad retina.[@bib47] The term has been recently adopted by other investigators[@bib48] (Pandiyan et al.; IOVS 2019;60; ARVO E-Abstract 1426) for the paradigm of using NIR OCT to measure bleaching-induced backscattering and/or elongation changes in the eye in vivo noninvasively.[@bib42]^--^[@bib45]^,^[@bib49] We think the term deserves general adoption in vision and ophthalmology, as ORG draws an instructive parallel to the ERG, which has long been used to assess retinal function in vivo. Specifically, the ORG, like the ERG, comprises multiple components arising from distinct cells and mechanisms. Moreover, both ERG and ORG require an explanation in terms of the underlying cellular and molecular mechanisms to achieve their full scientific and clinical utility. We suggest, however, that the term optoretinogram should serve primarily as a description of the experimental paradigm and the "raw" traces, and that the term optophysiological response continue to be used to describe bleaching-induced changes attributabled to specific cells and cellular and molecular mechanisms. In other words, the ORG refers to an experimental method used to measure retinal responses to visible light stimuli.

Methods {#sec2}
=======

Animal Husbandry, Anesthesia, and Experimental Protocols {#sec2-1}
--------------------------------------------------------

All mouse husbandry and handling were in accord with protocols approved by the University of California Animal Care and Use Committee, which strictly adheres to all National Institutes of Health guidelines and satisfies the ARVO guidelines for animal use. Because the lack of melanin in albino mice allows clear visualization of backscatter from ROS tips (ROST) and from BrM, only albino mice, including Balb/c and B6-albinos (B6(Cg)-*Tyr^c-2J^*/J) mice, were used for this study. Mice were obtained from Jackson Labs at age 2 months and maintained on a 12D:12L (∼100 lux) light cycle, and were between 2 and 8 months of age at the time of experimentation. A contact lens and gel (GelTeal Tears, Alcon) were used to maintain corneal transparency.[@bib50]^--^[@bib52] Mice were dark-adapted overnight, and between sessions when there were multiple experiments per day (described in the next paragraph). All experiments were performed in a completely darkened room. During the experiments mice were anesthetized with 2% isoflurane delivered in O~2~, and maintained on a heated, adjustable platform adjacent to the imaging apparatus, as described previously.[@bib51]

Balb/c mice were used in the initial phase of the investigation that uncovered the novel scattering band attributed to the ROST. The experiments performed to measure diurnal variation in ROS length were performed on B6-albino mice, in part to achieve maximum comparability with previously published studies of disc shedding in normally pigmented B6 mice, which are congenic with B6 albinos save for the null mutation in the tyrosinase gene that eliminates melanin. Based on published measurements of disc shedding[@bib22] and the light onset time (7:00 AM) in our vivarium, we selected three times in the diurnal cycle for ROS length measurements: 6:30 AM, 11 AM, and 3:30 PM, anticipating that 6:30 AM would precede, whereas 11 AM and 3:30 PM would follow, the dominant phase of shedding.

We adopted a "within-subjects" design for the study to minimize between-subject variation that could affect the reliability of the measurements of ROS length changes. Accordingly, 6:30 AM was fixed as a standard time of day at which baseline OCT measurements were made in mice dark-adapted overnight, followed by a single 10% bleaching exposure and OCT to measure the saturating optophysiological responses of the rods.[@bib42] The 6:30 AM baseline data of each mouse in a given day\'s experiment were then used to assess diurnal changes in rod outer segment length in that mouse and retinal location. This design required mice to be subjected to up to three exposures to isoflurane anesthetic during a day. The consequences of these multiple exposures to anesthetic were assumed to be negligible, as gaseous isoflurane is very rapidly eliminated after the animal is removed from the source,[@bib53] as manifest by return to normal mobility and other cage behaviors within ∼5 minutes of removal from the anesthetic delivery system. Mice were dark-adapted for the entire time between imaging sessions. Based on published measurements of rhodopsin regeneration in mice in vivo,[@bib54] the minimal 2-hour interval between sessions ensured complete regeneration from the 10% bleaching exposure. In addition, as described in the Results, reflected light from the NIR (860 nm) OCT source captured by the SLO arm of the multimodal imaging apparatus (described in the following section) was used to position the mouse so that the same fundus region of the same eye was imaged and bleached in each session while negligibly activating phototransduction. Specifically, the total 860-nm energy density in an experimental session did not exceed 2.5 J cm^−2^, and because the absorption coefficient of mouse rhodopsin is reduced by 9 log~10~ units at 860 nm relative to that at its λ~max~ (498 nm), a 2.5 J cm^−2^ exposure would on average produce ∼1 bleached rhodopsin per rod).[@bib51] Experiments were only performed on one eye on any given day.

For the OCT experiments performed to resolve the scattering band attributed to the ROST (data shown in [Fig. 2](#fig2){ref-type="fig"} and [Fig. 3](#fig3){ref-type="fig"}), 6 animals (11 eyes) were studied. For the experiments used to measure diurnal changes in ROS length ([Fig. 5](#fig5){ref-type="fig"} and [Fig. 6](#fig6){ref-type="fig"}), 6 animals (12 eyes) were studied, and 3 sessions were performed on each animal. For histology ([Fig. 3](#fig3){ref-type="fig"}), 3 animals (6 eyes) were sacrificed and prepared.

Mouse Multimodal In Vivo Imaging System {#sec2-2}
---------------------------------------

A custom multimodal SLO/OCT system was used for in vivo imaging of the mouse retina.[@bib55] The SLO subsystem is equipped with a 488-nm laser (Coherent, 488-30FP) with an external trigger that enables precise control of light delivery during scanning.[@bib51] The SLO was used to deliver precisely calibrated 488-nm bleaching exposures.[@bib51] The SLO system can also capture a small portion of the back-reflected NIR OCT light (i.e., that reflected by the dichroic mirror that combines the incoming SLO and OCT beams). Operating in this matter the SLO was used for alignment of the mouse; otherwise the SLO was only used for delivery of the 488-nm light for bleaching. The SLO laser power was set to 9.4 µW at the mouse pupil. A single SLO scan at this power bleaches ∼10% of the rhodopsin.[@bib51] The NIR Fourier domain-OCT system has a superluminescent diode light source (Superlum, T-860-HP) with an 82-nm bandwidth (effective full-width at half maximum \[FWHM\] after Hann windowing) centered at 860 nm, and delivers 600 µW at the mouse pupil. The total 860-nm light exposure during an imaging session produced negligible bleaching or activation of rhodopsin (see the previous section).

Standard Protocol for In Vivo Imaging of the Rod ORG {#sec2-3}
----------------------------------------------------

The timing protocol and the spatial arrangement of the OCT scanning and SLO bleaching are illustrated in [Figures 1](#fig1){ref-type="fig"}A and B, respectively. The blue-green rectangular area in [Figure 1](#fig1){ref-type="fig"}B represents the bleach field, which subtended 50° of visual angle laterally and 25° vertically, and mapped to 512 digital samples (pixels) laterally and 128 pixels vertically. The conversion from degrees to linear distance on the retina depends primarily on the optics of the mouse eye, but also to some extent on the contact lens and the thickness of the gel layer between the contact lens and the cornea. Based on our prior analysis of these factors,[@bib52] we estimate the conversion coefficient for these experiments to be ∼36 µm/degree. The mouse optic nerve head (white arrow in the lower left of [Fig. 1](#fig1){ref-type="fig"}B) was aligned away from the center of the image field to optimize uniformity of retinal thickness in the B-scan field. An individual experiment consisted of a series of scanning cycles with 4 B-scans collected in each cycle, with the following exceptions. Initially, 20 cycles comprising 80 B-scans were collected from the dark-adapted retina for baseline measurements, and then on the 21st scan cycle, the 488-nm laser was triggered to deliver the bleaching exposure. The scanning cycle continued for ∼5 minutes to record the rod optophysiological response.[@bib42] Each cycle took ∼0.92 seconds, including ∼0.22 seconds for data transfer and scanner resetting time ([Fig. 1](#fig1){ref-type="fig"}A). The scanning protocol was designed to optimize the use of system memory and to ensure that the data acquired with OCT come entirely from the bleached region.

![Stimulation, imaging, and OCT data processing protocols. (**a**) Timing of the scanning protocol: once every 0.92 seconds 4 OCT B-scans were taken (red arrows); during the 21st scan cycle a 488-nm stimulus that bleached ∼10% of the rhodopsin was delivered by the SLO; the scanning cycle continued after the bleaching exposure for ∼5 minutes. (**b**) En face SLO image of the retina, indicating the bleach field (blue-green overlay) and the location of the B-scans (red dashed arrows); the green rectangle shows the subregion used for analysis. (**c**) Illustration of the spatial and temporal processing of the OCT B-scan data. The symbol *t* represents time, while k = 1, ..., n (typically n = 15--20) identify 80 µm wide subregions of the B-scan data stacks used in the analysis; (**d**) postprocessed "kymograph" presentations of average A-scan backscatter intensity profiles from each substack, showing how these profiles evolve in time; the kymograph averaged over the substacks is presented at right (average) with layer identifications. (**e**) Grand average A-scan profiles for different time points superimposed, and color-coded for time as indicated by the color bar); the red dashed rectangle identifies the portion of the profiles used for analysis of rod length and scattering, while the cyan inset provides a cartoon model of single rod drawn approximately to scale, with the dashed black arrows identifying relating the hyperreflective bands to locations on the cartoon, and question marks indicating bands whose source is investigated. (**f**) Summary of the image processing flow chart for the standard ORG protocol. NFL, nerve fiber layer; OPL, outer plexiform layer. Length scale bar in (**b**): 250 µm.](iovs-61-3-9-f001){#fig1}

Image Processing for the Standard ORG Protocol {#sec2-4}
----------------------------------------------

OCT spectra were Fourier transformed after 4× zero-padding[@bib56] and the resultant A-scan profiles remapped onto a linear, 16-bit unsigned scale. To obviate the effect on length measurement of low quality OCT A-scans in two sides of the B-scan, an ∼35° center portion of the 50° wide B-scan field was used for analysis (green dashed rectangle in [Fig. 1](#fig1){ref-type="fig"}B). The semiautomated postprocessing can be divided into three steps:1.Initial alignment: All the OCT B-scans from an experiment were first stacked in a time series ([Fig. 1](#fig1){ref-type="fig"}C), and then subdivided laterally into substacks (k = 1, 2, ..., n, [Fig. 1](#fig1){ref-type="fig"}C) to maximize similarity among the A-scans initially processed together. Each substack obtained at a given time comprised 80 A-scans; these 80 A-scans were first aligned by cross-correlation and then averaged. The averaged A-scans obtained from each substack were then aligned over time. Next, at each depth (axial pixel location) the median value of each set of five successive average A-scans was taken; this effectively suppresses occasional motion artifacts arising from mouse breathing. These steps generate a "kymograph" ([Fig. 1](#fig1){ref-type="fig"}D), representing the changes in each averaged substack over time as an depth versus time image \[i.e., *I*(*z*, *t*) vs. *t*, where *I* is backscatter intensity, *z* depth, and *t* time\].2.Fine alignment: In albino mice, scattering by BrM gives rise to an exceptionally sharp hyperreflective band ([Fig. 1](#fig1){ref-type="fig"}E, whose FWHM is very close to the predicted Gaussian approximation of the OCT point-spread function (PSF), with FWHM of 3.6 µm in our system. The kymographs from each substack were aligned to BrM, and then averaged to obtain the grand average axial scattering profile for each time point ([Fig. 1](#fig1){ref-type="fig"}E, "average"). (We note that the appearance of the BrM-to-ROST complex is different in this report from that in another recent report from our laboratory[@bib57] because different OCT systems were used; in the latter investigation[@bib57] a swept-source system with longer center wavelength (1060 nm vs. 860 nm for this study) and poorer axial resolution (axial PSF FWHM of 5.6 µm vs. 3.6 µm for this study), but greater axial range was used.3.Further analysis: The Fourier Domain OCT A-scan profile corresponds to the axial tissue reflectivity or backscatter distribution of the posterior eye convolved with the OCT axial PSF, combined with system noise including the electrical noise of the photodetector, shot noise, and relative intensity noise from the reference arm light.[@bib58] The axial PSF in OCT is determined by the source bandwidth, and is usually approximated by a Gaussian,[@bib40] whose standard formulation predicts the PSF of our OCT to be a Gaussian with FWHM of 3.6 µm. In an effort to extract additional information from the hyperreflective bands, we used deconvolution, a method widely used in image processing to sharpen images and uncover detail. Specifically, the averaged line profile data were deconvolved with the MATLAB "deconvlucy" function using the axial PSF as the mathematical kernel (argument in the function call), and the hyperreflective bands from each time point fitted with Gaussian functions providing three parameters (position, amplitude, and FWHM) that were used for further analysis ([Fig. 2](#fig2){ref-type="fig"}C).

Imaging Protocol for Measuring Diurnal Variation in ROS Length with Volumetric Data Acquisition {#sec2-5}
-----------------------------------------------------------------------------------------------

The design of experiments aimed at measuring diurnal changes in ROS length needed to satisfy a number of criteria, including in particular the need to image the same region of the retina of individual mice at multiple sessions during the diurnal cycle. To ensure that the same retinal region was measured, the imaging protocol described in the previous section was slightly modified: instead of acquiring just four B-scans in the center of the bleached regions on each cycle, a full OCT volume of the bleaching field was acquired every fourth scanning cycle. Postprocessing of the volumetric data employed the same procedures, with the addition of a minor change at the end of the fine alignment: the aligned A-scan data from the entire volume were averaged to obtain the grand average line profile at the time points when volumes were acquired. Because OCT scanning in the vertical (dorso-ventral) dimension extended over a relatively large distance, some variation in A-scan line profiles over this dimension was anticipated, as had been found in the comparable wide horizontal direction. Averaging over such variation would alter the precision of measurement of weak intensity peaks, such as those arising from the RIS/ROS and ROST scattering in the dark-adapted mouse. To obviate this problem, we divided and processed the OCT volume data in small subregions ([Figs. 1](#fig1){ref-type="fig"}C,D). The implementation of this approach was achieved with fully automatic data postprocessing software.

Histology {#sec2-6}
---------

For histology, normally light adapted mice were euthanized by carbon dioxide in the morning between 10 and 11 AM in the National Eye Institute (NEI) histology core facility. Enucleation and preparation of the tissue were performed immediately after euthanasia (3 mice, n = 6 eyes). Plastic embedding was performed with a protocol designed to rapidly preserve cellular relationships through freeze substitution, while enabling subsequent dissection and production of 1-µm-thick sections.[@bib59] Briefly, enucleated eyes were first rapidly immersed in liquid propane at dry ice temperature for 1 minute. The eyes were then very rapidly transferred to a vial containing 20 mL of a mixture of 97% methanol and 3% acetic acid, prechilled to dry ice temperatures. The vial was then stored at -80° for 48 hours. After 48 hours, eyes were transferred to a -40° freezer for 4 hours. Because freeze-substituted tissue can be brittle and difficult to dissect, the acetic acid-methanol mixture was decanted and rapidly replaced with a mixture of 10 mL ethanol (EtOH) and 2 mL 25% EM-grade glutaraldehyde[@bib59] prechilled to -40°. Eyes were stored for 48 hours at -40° in Glut-EtOH, then 24 hours at -20°, and finally 4 hours at room temperature. The Glut-EtOH was then replaced with 90% ethanol for 10 minutes. The anterior segment of the eye was next removed, and, while immersed in 90% EtOH, and a region that encompassed ∼1 mm of tissue centered on the optic nerve head was isolated for further processing. The tissue was then conventionally processed into Polybed 812 (Polysciences \#08791-500, Warrington, PA) (i.e., equilibrated successively two times for 30 minutes in 100% ethanol and then in 100% propylene oxide). The tissue was further equilibrated in a 1:1 mix of propylene oxide:Polybed 812, and then 100% Polybed 812. Polymerization was achieved at 60° for 36 hours. Sections of 1.25 µm thickness were cut on a Leica EM UC7 ultramicrotome, stained with 1% toluidine blue, and mounted on microscope slides and secured under a coverslip with Permount mounting medium (Fisher Sci. \#SP15-100). Sections were imaged with a confocal microscope (Nikon A1) using a 40× water immersion objective and operating in the transmitted light detector mode. To assess potential shrinkage artifacts, quantitative comparison was made of the distances between a number of histological features and the corresponding OCT hyperreflective bands ([Fig. 3](#fig3){ref-type="fig"}).

Results {#sec3}
=======

Identification of a Novel ORG Backscatter Signal Potentially Arising from the ROS Tips {#sec3-1}
--------------------------------------------------------------------------------------

The ORG of the outer retina of the mouse exhibits multiple time-dependent scattering changes in response to a brief bleaching exposure. These changes are particularly prominent in hyperreflective bands corresponding to the retinal structures situated between and including the external limiting membrane (ELM) and BrM ([Fig. 1](#fig1){ref-type="fig"}E). In a previous study,[@bib42] we assigned the strong scattering signal anterior and closest to that of BrM to the ROST. This signal was unusual in having an asymmetrical form that encompassed a time-varying extent of the ROS profile. The scattering profile of BrM, which is about 0.5 µm thick in mice[@bib3] and much thinner physically than the axial OCT PSF, is thus expected to act effectively as a point scattering source for the A-scan. The scattering profile of BrM is well described by a Gaussian with a 3.6 µm FWHM ([Fig. 2](#fig2){ref-type="fig"}A, inset), providing confirmation of the theoretical description of the PSF. Similarly, we found that the hyperreflective band arising from the ELM, whose scattering source is also less than 1 µm thick, is well described by Gaussian with FWHM of 3.6 µm. These confirmations of the axial PSF underpin the application of a deconvolution algorithm with a Gaussian function having a FWHM of 3.6 µm to the OCT profile data.

![Deconvolution analysis reveals a novel distal scattering band whose optophysiological response matches that of the RIS/ROS. (**a**) Depth scattering profiles of the retina of an albino mouse allows clear visualization of backscatter bands from BrM, the RIS/ROS, and the ELM, but identification of the structures underlying the band immediately anterior to BrM is complicated by the changing shape of the band. (The inset compares the scattering band from BrM with a Gaussian of FWHM 3.6 µm.) (**b**) Deconvolution analysis reveals that the backscatter band nearest to BrM on the anterior side comprises two distinct components; the relative locations of the components suggest that the more anterior one might arise from the ROST and the more posterior one from the RPE apical surface (question marks are used to indicate that the assignment to structures required confirmation). (**c**) The components can be analyzed as the sum of two Gaussian functions, illustrated here by application to the highest amplitude signal in the blue-dashed box of (**b**), represented by the black dots. (**d**) Comparison of the kinetics and amplitude of the backscatter band from the RIS/ROS with the band tentatively ascribed to the ROST reveals them to have nearly identical amplitudes and kinetics; these signals are the averages from 11 eyes; the light-colored bands give the time-dependent SEM.](iovs-61-3-9-f002){#fig2}

OCT backscatter profiles obtained in the experiment of [Figure 1](#fig1){ref-type="fig"} at five time points before and after the bleaching exposure (*t* = 0) are shown in [Figure 2](#fig2){ref-type="fig"}A, and the corresponding deconvolved profiles in [Figure 2](#fig2){ref-type="fig"}B. Deconvolution split the scattering peak located ∼7 µm anterior to the BrM band into two distinct components, which we hypothesized to arise from the ROST and the RPE anterior surface, respectively, based on their positions (blue dashed box in [Fig. 2](#fig2){ref-type="fig"}B). We further analyzed the two components by fitting this portion of the deconvolved profile with the sum of two Gaussian functions. The summed Gaussians gave a good description of the data ([Fig. 2](#fig2){ref-type="fig"}C), so that the center position, width, and amplitude parameters of the fitted Gaussians were used to quantify the time-dependent changes in the profiles. Notably, the Gaussian decomposition revealed the newly resolved scattering peak more distant from that of BrM to have very nearly the same kinetics as the band corresponding to the RIS/ROS junctions ([Fig. 2](#fig2){ref-type="fig"}D), consistent with the ideas that it arises from the ROSTs, and that the mechanisms underlying the scattering changes at the two ends of the ROS are very similar. Although the scattering signal attributed to the apical RPE is substantially stronger than those from the RIS/ROS junction and the ROST, the similarity of its time course to those of the RIS/ROS and ROST suggests that a common kinetic process underlies all three signals (see Discussion).

The Backscatter Bands Resolved by Deconvolution have Positions Corresponding to the ROST and RPE Apical Surface as Defined by Histology {#sec3-2}
---------------------------------------------------------------------------------------------------------------------------------------

We performed confocal microscopy on albino mouse plastic sections to measure the distances between landmarks of the posterior retina ([Fig. 3](#fig3){ref-type="fig"}). In the magnified image ([Fig. 3](#fig3){ref-type="fig"}B) RPE cells with nuclei can be clearly seen, as well as the apical and basal surfaces of the RPE, the latter with submicrometer-thick BrM tightly apposed.[@bib60] Here, we identify the "apical surface" of the RPE with the anterior edge of the darker staining region of the cells seen in the histology, while acknowledging that the apical microvillous processes are extensions of the surface. We hypothesize that the material density of the darker region of the cells is higher in the absence of melanin granules than in the microvilli, so that the darker region has a higher refractive index that constitutes a scattering boundary.

![ROST and the RPE apical surface observed with histology correspond well with the assignment of the novel OCT bands resolved with deconvolution. (**a**) Confocal image of a plastic section of a B6-albino mouse retina; the superimposed red asterisks provide examples of measurements made along straight lines between BrM and the anterior surface of the retina for panels (**c**) and (**d**). (**b**) Magnified image of the region in panel (**a**) circumscribed by the red rectangle, with the deconvolved OCT line profile from the same eye superimposed; the blue asterisks provide examples of measurements made for panels (**f**) and (**g**). (**c**) Distances measured in histological sections (abscissa, as illustrated in panels (**a**), (**b**)) plotted versus distances measured with OCT to the hyperreflective bands corresponding to the histologically identified structure. The histology comprised 20 measurements, while the OCT data were averages from B-scans of 12 mice, error bars plot SDs. The reciprocal of the slope of the regression line (1/1.076 = 0.93) provides an estimate of tissue shrinkage during fixation. (**d**) Magnified view of the portion of panel (**c**) indicated by the blue rectangle, which comprises the portion of the retina between BrM and the ELM. (**e**) Schematic of the ROST to BrM complex; melanin granules (which are absent in the albino mice) are shown for generality. (**f**) Histogram of distances between BrM and the apical surface of the RPE (excluding the faint apical processes; see blue asterisks in (**b**) for example). (**g**) Histogram of distances between BrM and the ROSTs from 120 individual rods tips. The threefold greater FWHM of this histogram compared with that of panel (**f**) arises from the variation in the distal positions of the ROSTs. (**h**) Bleaching-induced displacements of the RPE and ROST OCT bands relative to that of BrM; (**i**) Difference between the traces in panel (**h**); the thickness of the subretinal space between the ROST and apical RPE remains nearly constant during the response. The results in (**h**) and (**i**) are the average of six experiments; the light-colored regions surrounding the traces represent ± 1 SEM. Scale bar in (**a**) and (**b**), 50 µm. The ordinate in panel (**i**) has been expanded from that in panel (**h**) to facilitate evaluation of stability. All histology and OCT measurements were measured from B6-albino mice.](iovs-61-3-9-f003){#fig3}

The average distance from BrM to the RPE apical surface was found to be 6.02 ± 0.07 µm from measurements at well-spaced locations from three eyes. The apical surface of the RPE exhibits numerous microvillous processes, many of which extend into the spaces between the ROST. These microvilli populate a gap of ∼3.5 µm between the apical surface of the RPE and the ROSTs.

As an initial comparison of the OCT axial backscatter profiles and histology, we superimposed the average deconvolved OCT A-scan on the image of a retinal section from the same mouse ([Fig. 3](#fig3){ref-type="fig"}B, left). The OCT bands assigned to the ELM, RIS/ROS, and BrM line are seen to line up well with their presumptive histological correlates. In particular, the band (green Gaussian) closest to the BrM band is centered very nearly at the RPE apical surface in the image, while the center of the novel secondary band (blue Gaussian) coincides with the average position of the ROST. For statistical evaluation we measured distances from BrM in both histological sections and OCT axial profiles ([Figs. 3](#fig3){ref-type="fig"}C, D). When plotted against one another, the two sets of distance measurements are well described by a regression line with slope (1.076) near unity. Although the deviation from unity suggests an ∼7% tissue shrinkage during fixation, the consistency of the fitted line as a description of all the data indicates there have been no differential shrinkage artifact. Moreover, the small variation in the positions of the OCT bands ascribed to the apical RPE and ROST show these OCT features to be highly stable across animals, with a separation corresponding closely to the average distance in the histology between the RPE apical surface and the ROSTs.

A further useful comparison can be made by considering the widths of the hyperreflective bands. Gaussians fitted to the nondeconvolved bands arising from the ELM and BrM have FWHM\'s corresponding closely to that of the OCT axial PSF, 3.6 µm ([Fig. 2](#fig2){ref-type="fig"}A, inset). This correspondence is expected because the ultrastructural elements in the retina responsible for the scattering in both cases have axial extents less than 1 µm, substantially smaller than the FWHM of the PSF, so that these structures act as "point sources" for the A-scans. In contrast, the Gaussians fitted to the deconvolved RIS/ROS and ROST bands have a FWHM of 6.2 µm and 7.2 µm, respectively. The histology clearly predicts that the bands arising from scattering by the RIS/ROS boundaries and the ROSTs would be wider than the bands arising from BrM and the ELM because the positions of the RIS/ROS of different rods are distributed over 3 to 5 µm, and the positions of the ROSTs are similarly distributed ([Fig. 3](#fig3){ref-type="fig"}G). In contrast, the narrow distribution of distances in the histology from BrM to the apical surface of the RPE (FWHM = 1.0 µm; [Fig. 3](#fig3){ref-type="fig"}F) predicts a correspondingly narrow width in the distribution of OCT distance. This prediction is borne out: the distance between the BrM band and the band attributed to the apical RPE ([Fig. 2](#fig2){ref-type="fig"}C) has a mean of 6.5 µm and sample standard deviation of 0.22 µm (n = 6 mice); a Gaussian probability distribution with a standard deviation of 0.22 has a FWHM of 0.6 µm, close to the value 1.0 µm obtained from the histology.

An alternative hypothesis that might explain the two OCT bands assigned to the ROST and RPE apical surface is that there are two distinct populations of rods with different ROS lengths. To test this hypothesis, we measured the axial position of the RIS/ROS and ROST of 120 rods whose ROS was completely visible in the histological images, and simultaneously measured the intersections of the projection of a line defined by the ROS with the RPE apical surface and with BrM ([Fig. 3](#fig3){ref-type="fig"}B). The histogram of the distances of ROSTs from BrM was monomodal ([Fig. 3](#fig3){ref-type="fig"}G), and so the results provide no support for the alternative hypothesis. Overall, then, the histological data confirm the assignment of the two distal scattering bands resolved by deconvolution as arising from the ROST and the RPE apical surface.

The effect of the activation of rod phototransduction on the positions of the OCT bands attributed to the ROST and RPE apical surface relative to that of BrM was measured in the standard ORG experiment[@bib42] with a 10% bleaching exposure (n = 11; [Fig. 3](#fig3){ref-type="fig"}H). Both bands displaced slightly away from that of BrM, with very similar time courses and a common displacement amplitude of about 0.5 µm ([Fig. 3](#fig3){ref-type="fig"}H, I). These results, combined with the similar kinetics of the intensity variation of the bands attributed to the RIS/ROS, ROST, and apical RPE surface ([Fig. 2](#fig2){ref-type="fig"}D), raise the question whether these features can be accommodated by the osmotic hypothesis previously presented as an explanation of bleaching-induced ROS elongation and RIS/ROS scattering changes[@bib42] (see Discussion).

Bleaching-Induced ROS Swelling is Invariant Over the Diurnal Cycle {#sec3-3}
------------------------------------------------------------------

The OCT axial profile bands corresponding to the RIS/ROS and the ROST potentially provide a means of investigating whether changes in the length of the ROS occur over the diurnal cycle. Ideally, in an experiment aimed at quantifying diurnal variation in ROS length, measurements would be made on individual fully dark-adapted mice at different times during an established circadian cycle. A difficulty in making such measurements, however, is that the intensities of the RIS/ROS and ROST bands are relatively weak in the dark-adapted state, so that measurement imprecision would make it difficult to detect a length change expected to be about 1/10th the ROS length, ∼2 µm. During the rod optophysiological response to a bleaching stimulus, however, the RIS/ROS and ROST bands become much more prominent ([Fig. 2](#fig2){ref-type="fig"}), and so we designed the experiment to take advantage of this increased visibility. Briefly, in each experimental session on a given day, measurements were made first on a fully dark adapted mouse, and then after exposure to a 10% bleaching stimulus. Moreover, to minimize variation that could arise from the ocular curvature or spatial variation in the location of the OCT scan field, the experimental protocol was enhanced so that OCT volumes were periodically obtained of the entire bleached region, allowing confirmation from vascular maps that the same region of the retina was imaged in each session.

Results from an individual mouse in an experiment with ORG sessions at 6:30 am, 11 am and 3 pm are presented in [Figure 4](#fig4){ref-type="fig"}. The traces in panels A-C present deconvolved OCT profiles from the posterior retina acquired in the dark (black trace), and four times after the bleaching exposure. The insets give en face projections of the portion of the retina from which the OCT data were acquired in each session: the identical vascular pattern of these images establishes that the data were acquired from the same retinal region. The time courses of change in the distances from the BrM band to the other bands are plotted in [Figures 4](#fig4){ref-type="fig"}(D-G). The ELM results are very clear: the kinetics and magnitude of the bleaching-induced ELM displacement toward the vitreous is identical in the three sessions, with a peak displacement from the dark-adapted position of ∼2 µm in each case ([Fig. 4](#fig4){ref-type="fig"}D). However, the traces obtained in the 6:30 AM session (red traces) are uniformly displaced farther toward the vitreous by about 1 µm relative to the traces obtained in sessions at 11 AM (cyan trace) and 3 PM (black).

![The experiment used to measure diurnal variation in ROS length in dark-adapted mice entrained to a 12:12 light:dark cycle with light onset normally at 7 AM. (**a--c**) Average OCT depth profiles measured at 6:30 AM, 11 AM and 3 PM before (black trace) and after various times (various colored traces) after exposure to a 488 nm light that bleached ∼10% of the rhodopsin in the image field (inset, en face projections of OCT volume taken at the different times of the day in the day-long experiment). (**d--g**) Time course of the distances from the BrM band to the hyperreflective bands corresponding to ELM, RIS/ROS, ROST, and apical RPE, respectively. The mouse was kept dark adapted throughout the day, except for exposure to the 10% bleaching stimulus at 6:30 AM, 11 AM, and 3 PM. The mouse was anesthetized only for the relatively short time required for the ORG measurements, which took ∼15 minutes in each case. Note that while the data in panels (**d**)--(**g**) are presented on an absolute scale that corresponds to retinal depth, there are gaps in the ordinates between the subpanels. The gray and purple bars represent the time at which measurements are extracted for statistical analysis of diurnal changes ([Fig. 5](#fig5){ref-type="fig"}). (The brief downward deflection in the red trace in (**e**) appears to be an artifact, as it is not present in all data sets.)](iovs-61-3-9-f004){#fig4}

The results for the RIS/ROS band are very similar to those for the ELM band, in that the trace for the RIS/ROS band acquired in the 6:30 AM session is clearly displaced upward by about 1 µm from those acquired in the 11 AM and 3 PM sessions, whereas overall the traces from the three sessions exhibit similar kinetics. Because the RIS/ROS band is very weak in the dark its position before stimulation, particularly in the 6:30 AM session, is less well determined than that of the ELM band. Nonetheless, the basically shared shape of the time courses of the displacements of the different bands strengthens the conclusion that the RIS are being displaced as rigid (noncompressible) bodies. Overall, we conclude that phototransduction initiated by the bleaching exposure triggers displacement of the RIS/ROS and the ELM toward the vitreous with approximately invariant kinetics and amplitude throughout the day. Strikingly, however, the positions of these scattering bands vary during the diurnal cycle, such that the bands are farther from BrM at 6:30 AM, both in the dark-adapted state (gray bar in [Figs. 4](#fig4){ref-type="fig"}D-G) prior and during the rod optophysiological response (purple bar).

The measurements of the RIS/ROS and ELM bands reveal that the RIS have an invariant length throughout the day, but are displaced toward the vitreous in the morning in the dark-adapted eye, and further displaced in the same direction by bleaching stimulation. To determine whether the displacements of the ELM and RIS/ROS bands are caused by corresponding changes in the ROS length, we measured the axial positions of the reflective bands assigned to the ROSTs and to the RPE apical surface over the day and in response to the bleaching stimulus ([Figs. 4](#fig4){ref-type="fig"}F,G). These latter two bands exhibit no positional variation in the dark-adapted state over the diurnal cycle, and with the possible exception of the 3:00 PM session, negligible positional change in response to bleaching. (In this latter case, we note the relatively high variation in the prestimulation baseline, and note further that if the 3 PM ROST band position does change in response to stimulation, it is about 0.5 µm closer to the RPE and BrM.) Taken together, these results suggest that the length of the ROS is greater around 6:30 AM than at later times in the day, and so we proceeded to repeat the experiment of [Figure 4](#fig4){ref-type="fig"} on a population of mice. Assuming diurnally invariant kinetics of the RIS/ROS and ELM band position changes in response to light, and the lack of a material change in the positions of the ROST and apical RPE bands, we focused on distances measured at two times relative to delivery of the bleaching stimulus (1) in the dark adapted state before bleaching and (2) at the maximum of the optophysiological response, which occurs ∼2 minutes after the delivery of the bleaching stimulus ([Fig. 4](#fig4){ref-type="fig"}E-G), purple bar).

Diurnal ROS Length Variation is Revealed by Measurements of the Distance from ROS Tips to the RIS/ROS Boundary {#sec3-4}
--------------------------------------------------------------------------------------------------------------

Results from 11 experiments like that presented in [Figure 4](#fig4){ref-type="fig"} are summarized in [Figure 5](#fig5){ref-type="fig"}, with measurements made in the dark-adapted state before the bleaching exposure presented on a gray background, and measurements made at the peak of the rod optophysiological response on white backgrounds. In this figure, symbols plot the measurements from individual experiments, with red color bars providing 95% confidence intervals, and blue color bars SD. Relative to their positions measured at 6:30 AM prior to normal light onset, the ELM and RIS/ROS bands showed highly reliable shifts, both in the dark, and at the peak of the bleaching response ([Figs. 5](#fig5){ref-type="fig"}A-C). In contrast, the ROST and apical RPE band positions were constant throughout the day, and likewise were the same whether measured in darkness or at the peak of the bleaching response ([Figs. 5](#fig5){ref-type="fig"}D-F). We derived the lengths of the RIS and ROS from the profile data of each mouse obtained at the peak of the bleaching response ([Figs. 5](#fig5){ref-type="fig"}G,H). While the RIS remained constant in length over the diurnal cycle, the ROS exhibited a highly reliable change in length, with the population means values of 17.7 ± 0.8, 15.9 ± 0.7, and 16.2 ± 0.8 µm (mean ± SEM) at 6:30 AM, 11 AM, and 3 PM, respectively. The maximal change in ROS length attributable to diurnal variation was 1.9 ± 0.4 µm, a 10.4% decrease by 11 AM from the length measured at 6:30 AM.

![Summary of HR-OCT measurements made in individual mice in sessions at 6:30 AM, 11 AM, and 3:30 PM over one diurnal cycle. (**a--f**) Distances in the dark-adapted eye from the BrM band to other reflective bands (identified in large blue font above the panels); the measurements in (**a, b**) were extracted from data obtained in the dark adapted state, while those in (**c**)-(**f**) were taken ∼125 seconds after a 10% bleaching exposure. (**g, h**) Lengths of the RIS and ROS measured as the distances between the RIS/ROS and ELM, and between the ROST and RIS/ROS bands. Each symbol presents the results of 1 of the 11 experiments. The average value of the measurements in each panel is presented as a red bar, while the light red error bar presents a 95% confidence interval and the light blue bar presents the sample SD. Statistical significance of paired *t*-tests versus results at 6:30 AM are indicated as follows: \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.005, \*\*\*\**P* \< 0.0001.](iovs-61-3-9-f005){#fig5}

In previous experiments, we found that a 10% bleaching exposure produced a saturated amplitude fractional increase in ROS length of 0.11.[@bib42] In the experiments reported here, the absolute increases in ROS length induced by the 10% bleaching exposure varied somewhat over the day, being 2.2 ± 0.09 µm, 1.76 ± 0.12 µm, and 1.86 ± 0.14 µm at 6:30 AM, 11 AM, and 3 PM, respectively. Remarkably, however, when divided by the average length of the dark-adapted ROS measured at the same three diurnal times prior to the exposure, the fractional increases in length induced by the bleach are 0.12, 0.11, and 0.12, respectively, virtually identical. This invariance in fractional elongation implies that the phototransduction-induced elongation scales with ROS length.

Mouse ROS Diurnal Length Variation Measured In Vivo is Consistent with Previous Ex Vivo Data {#sec3-5}
--------------------------------------------------------------------------------------------

In designing the experiments presented in [Figures 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}, a number of factors had to be considered, including the time required to perform an individual set of measurements, the separation between measurements needed for adequate dark adaptation, and the practical limitations on the number of daily sessions for both mice and experimenters. Given that the mice were entrained to a vivarium 12 dark:12 light cycle with light onset at 7 AM, we selected the times for three daily sessions based on the experiments of Goldman et al.,[@bib22] who quantified rod disc phagosomes in the RPE over the diurnal cycle. That study revealed that a large increase in RPE phagosomes occurred around an hour after the time of normal light onset. Thus, we designed our study in the hope of catching rods both before (6:30 AM), and not too long after (11 AM), a disc-shedding burst, as well as later in the day when some recovery of length might have occurred. A comparison between the results of that and two other studies[@bib22]^,^[@bib61]^,^[@bib62] and those of this investigation are presented in [Figure 6](#fig6){ref-type="fig"}. To obtain a somewhat more complete picture of the diurnal cycle we made measurements on two additional cohorts of mice whose ROS length was measured at 2 hours and 23.5 hours respectively after the initial measurement at 6:30 AM, 30 minutes before normal light onset.

![Comparison of diurnal changes in ROS length measured by OCT (black symbols and lines, right ordinate) with changes in phagosome count in the RPE of rats or mice from several studies[@bib22]^,^[@bib61]^,^[@bib62] (colored symbols, left ordinate). The black-filled squares present data from the experiments of [Figure 5](#fig5){ref-type="fig"} (n = 11), the black upward triangle results obtained at 9 AM (n = 12), and the black downward triangle (n = 9) results obtained ∼23.5 hours, in each case after initial baseline measurements at 6:30 AM. The data points at 9 AM, 11 AM, and 3:30 PM are significantly less than zero (*P* \< 0.001, *P* \< 0.0001, *P* \< 0.001, respectively). The point at 23.5 hours (+2.8%) is significantly greater than zero (*P* = 0.03). The solid black line presents a linear regression curve fitted to the OCT results obtained at 11 AM, 3:30 PM, and 24 hours, and has a slope of 0.68% hr^−1^ (*P* \< 0.0001); for the average rod of length 17.7 µm, this corresponds to a ROS renewal rate of 2.9 µm/d. Normalized phagosome counts were obtained from the values reported by the studies by subtracting the pre-light-onset value and dividing by the maximum. Vertical error bars are ± SEM; horizontal error bars give the range of time for the experiments.](iovs-61-3-9-f006){#fig6}

The diurnal changes in ROS length measured with OCT data compare favorably with the variation in RPE phagosome counts, in that highly reliable ROS shortening occurs around the time when the largest increase in phagosomes was measured. It bears emphasis, however, that although ROST shedding can be expected to coincide approximately with phagosome appearance in the RPE, growth by disc synthesis at the ROS base and phagosome digestion occur in different cells, and are governed by entirely distinct mechanisms. Thus, concurrence between the time courses of the two types of measurements is not expected, except near the time when a burst of shedding occurs. The ROS renewal rate estimated from the results at 11 AM, 3:30 PM, and 24 hours (0.68% hour^−1^) corresponds to a disc synthesis rate of 0.12 µm/h for the average length ROS (17.7 µm) in the cohorts from which the measurements were obtained. If maintained through the diurnal cycle (including during the epoch of shedding), this rate of renewal would be 2.9 µm/d, somewhat higher than the average rate (2.2 to 2.5 µm/d) in a study that measured the synthesis rate in mice under a variety of lighting conditions.[@bib63] However, the confidence interval for the slope of the regression line includes the value 2.5 µm/d, and moreover the observed 2.8% overshoot in ROS length at 24 hours contributed to the relatively high estimated renewal rate. This overshoot came from data of only one of the three cohorts, and could be a random effect.

Discussion {#sec4}
==========

In this investigation we used OCT ORGs to measure the length of mouse ROS in vivo over the diurnal cycle in a well-defined region of the retina of individual albino mice. This effort was made possible by two advancements, the resolution by deconvolution of distinct OCT axial profile bands corresponding to the apical surface of the RPE and to the ROST ([Figs. 2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}), and the application of the phototransduction-driven rod optophysiological swelling response[@bib42] ([Figs. 2](#fig2){ref-type="fig"}, [4](#fig4){ref-type="fig"}), which strongly enhances the visibility of the RIS/ROS and ROST bands of the OCT backscattering profiles. In this context, it is notable that the ROS swelling response remained essentially invariant in amplitude and kinetics over the diurnal cycle in the dark-adapted eye, enhancing its value as a benchmark of function. In particular, ROS elongation in response to a 10% bleaching exposure remained constant throughout the diurnal cycle at 11% to 12% of the ROS length, despite highly reliable changes in average length over the day ([Figs. 5](#fig5){ref-type="fig"}, [6](#fig6){ref-type="fig"}). The measurements are consistent with the conclusion that the observed diurnal variation in ROS layer thickness ([Fig. 5](#fig5){ref-type="fig"}H) arises from rod disc shedding and renewal. First, the largest measured change in ROS layer thickness occurs around the circadian time when the greatest amount of rod disc shedding has been shown to occur ([Fig. 6](#fig6){ref-type="fig"}).[@bib22]^,^[@bib61]^,^[@bib62] Second, the estimated rate of ROS disc synthesis, 0.12 µm/h ([Fig. 6](#fig6){ref-type="fig"}), is within the range of renewal previously reported for mammalian rods.[@bib9]^,^[@bib15]^,^[@bib61]

Bleaching-Induced Displacement and Scattering Changes of the OCT Bands Attributed to the ROST and Apical RPE {#sec4-1}
------------------------------------------------------------------------------------------------------------

The similar kinetics of scattering intensity changes of the OCT axial profile bands attributed to the RIS/ROS, ROST, and apical RPE ([Fig. 2](#fig2){ref-type="fig"}D), and likewise the parallel displacement of the OCTs bands ascribed to the ROST and RPE apical surface ([Fig. 3](#fig3){ref-type="fig"}H) call for a consistent explanation. This matter is addressable in the framework of the hypothesis that strong activation of rod phototransduction causes an increase in ROS osmolarity[@bib42] and the auxiliary hypothesis that the water that enters the ROS in response to the osmotic stimulus originates in the choroid and sclera.[@bib65] First, osmotically driven water movement into the ROS is rate-limited by very low water permeability of the ROS plasma membrane,[@bib42] and so the time course of water movement at each location between the source and ROS sink should follow similar rate-limited kinetics. Second, because ROS disc membranes tend to fuse with the plasma membrane as they progress toward the ROS tip,[@bib64] the increased surface area of the ROST should cause differential swelling in a manner parallel to that hypothesized to occur at the ROS base.[@bib42] Thus, given that the ROS base and the ROST are at the opposite ends of a waveguide with the same refractive index between the two extremes, it can be expected from Fresnel theory that backscatter from the base and tips would have similar amplitude and kinetics ([Fig 2](#fig2){ref-type="fig"}D). Third, the hypothesis that the water underlying bleaching-induced ROS swelling originates in the choroid and sclera implies that during the ROS swelling response there is a time-varying gradient of water activity from the source to the ROS sink. This water would likely move through the RPE, which expresses functional aquaporin channels.[@bib66] Water moving down such a gradient through the RPE will necessarily exert a pressure that could displace RPE apical processes and/or alter the distribution of refractive material in these processes ([Fig. 3](#fig3){ref-type="fig"}E), producing a change in backscattering by the RPE apical region (Fig. 2D), which would give rise to an apparent displacement of the scattering boundary ([Fig. 3](#fig3){ref-type="fig"}H). The amplitude of the scattering from the RPE apical surface cannot readily be computed with Fresnel theory in the manner applied to the RIS/ROS boundary[@bib42] because the relevant refractive indices have not been determined. Although such ideas must be incorporated into a quantitative scheme to become a full-fledged explanation of these phenomena, they nonetheless show that the osmotic swelling hypothesis[@bib42] in principle could be extended to account for all the bleaching-induced OCT band displacements and scattering changes from the RIS/ROS to BrM.

Comparison with Human Studies {#sec4-2}
-----------------------------

Jonnal et al.,[@bib11] using adaptive optics OCT, measured diurnal changes in the length of individual human cone outer segments (COS) in the near periphery (1.8° from the fovea) of three subjects. They found an average rate of COS growth of 2.4 µm/d, comparable to the rate of 2.9 µm/d estimated for the mouse rods of this study ([Fig. 6](#fig6){ref-type="fig"}). In a remarkable follow-up study, Kocaoglu et al.[@bib12] observed abrupt decreases of 2.2 to 2.5 µm in the length of individual human COS, which are naturally interpreted as disc packet-shedding events. Several other studies have investigated diurnal variation in the outer retina of humans with OCT, but did not report COS length changes.[@bib67]^--^[@bib71] Pircher et al.,[@bib67] however, observed bright reflection spots within the cone outer segments and the changing depth position of these spots corresponds to the expected COS growth rate. Read et al.[@bib69] measured the retinal thickness of healthy adult subjects with SD-OCT every 2 hours from 9 AM to 7 PM, and found a small change in the thickness of the foveal outer retinal layers (IS/OS to RPE). The most likely reason that these latter studies did not observe changes in COS length is inadequate OCT axial (*z-*) resolution, compounded by spatial variation. Adaptive optics (AO) per se does not increase axial resolution, which is determined by the source coherence length of the OCT scanner; however, when AO is combined with an OCT source having adequate axial resolution, the capability of identifying individual cones in the x and y dimensions greatly facilitates the measurement of diurnal COS length variation.[@bib11]^,^[@bib12] In the experiments reported here, in addition to the short coherence length of the OCT, the relative homogeneity of the rod-dominant retina, and the ability to image the same locations in repeated sessions over the diurnal cycle were important factors contributing to the stability needed for measuring micrometer-scale changes.

ORG Experiments in Mice with Pigmented RPE {#sec4-3}
------------------------------------------

Due to the presence of melanin in the apical processes of their RPE cells, ROST cannot be resolved in OCTs of pigmented mice, and so only albino mice were used in this study. The retinas might be different between albino and pigmented strains in ways other than melanin, for example, rod density is less in some albino strains than in pigmented mice[@bib72] and RPE65 polymorphisms give rise to differential light-damage susceptibility and rhodopsin regeneration rates.[@bib54]^,^[@bib73] Thus, it is possible that there are differences in disc shedding and renewal rates between pigmented and albino mice that would affect the comparison across strains and approaches ([Fig. 6](#fig6){ref-type="fig"}). Nevertheless, our previous study[@bib42] shows that the ORG response is almost identical in albino and pigmented stains. Although a methodology for reliably determining the length of the ROS of pigmented mice in vivo has yet to be developed, investigation of albino mice has provided a foundation for the use of these mice in future studies of disc shedding and renewal, as it did in the past.[@bib74]

Although the conclusions from the present investigation rests on results from populations of rods, it should be possible to extend the work to individual rods because investigations with AO-SLO has been able to resolve light reflected from individual mouse rods.[@bib52]^,^[@bib75]^,^[@bib76] Ongoing efforts combining AO-OCT, AO-SLO system,[@bib77]^,^[@bib78] and/or speckle averaging OCT[@bib79]^--^[@bib81] in mouse photoreceptor imaging also show promise in distinguishing cone backscatter signals from those of the rods in the mouse photoreceptor mosaic. More generally, the approach used here, combined with AO-OCT and AO-SLO should afford efficient use of the ORG in mouse to screen for, and characterize molecular mechanisms that govern rod and cone disc shedding and renewal,[@bib29]^,^[@bib82]^,^[@bib83] as well as the mechanisms underlying bleaching-induced outer segments swelling and scattering changes in the posterior eye.
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